Using the trion as an optical probe, we uncover novel electron spin dynamics in CdSe/ZnSe Stranski-Krastanov quantum dots. The longitudinal spin life-time obeys an inverse power law associated with recharging processes in the dot ensemble. No hint at spin-orbit mediated spin relaxation is found. At very weak magnetic fields (< 50 mT), electron spin dynamics related to the hyperfine interaction with the lattice nuclei is uncovered. A strong Knight field gives rise to nuclear ordering and formation of dynamical polarization on a 100-µs time-scale under continuous electron spin pumping. The associated spin transients are temperature robust and can be observed up to 100 K. PACS numbers: 72.25.Fe, 78.67.Hc, 78.55.Et, 72.25.Rb Utilization of the spin for information processing has initiated extensive research in recent years, both in basic science and technology [1] . Practical applications require long spin life-times, to store and to manipulate the spin without losses. In this regard, the spin states in semiconductor quantum dots (QDs) have attracted much interest. Localization on the nanometer length scale strongly suppresses spin-orbit coupling that controls the spin dynamics in bulk semiconductors [2] . In sufficiently strong magnetic fields, spin life-times in the millisecond range have been observed [3, 4] . Here, the spin states are Zeeman split and the interaction with acoustic phonons defines the major contribution [5] . At weak or zero magnetic field, the hyperfine interaction of the electron with the nuclear moments of the lattice atoms sets an ultimate limit for the spin life-time in QDs [6, 7] . Recent experimental studies have addressed dynamical nuclear polarization in QDs [8-10] and/or the inhomogeneous decay in spin ensembles [11] [12] [13] . However, the specific scenario for the spin transfer from the electron to the nuclear system as well as its dynamics and time-scale has not yet been elaborated.
Using the trion as an optical probe, we uncover novel electron spin dynamics in CdSe/ZnSe Stranski-Krastanov quantum dots. The longitudinal spin life-time obeys an inverse power law associated with recharging processes in the dot ensemble. No hint at spin-orbit mediated spin relaxation is found. At very weak magnetic fields (< 50 mT), electron spin dynamics related to the hyperfine interaction with the lattice nuclei is uncovered. A strong Knight field gives rise to nuclear ordering and formation of dynamical polarization on a 100-µs time-scale under continuous electron spin pumping. The associated spin transients are temperature robust and can be observed up to 100 K. Utilization of the spin for information processing has initiated extensive research in recent years, both in basic science and technology [1] . Practical applications require long spin life-times, to store and to manipulate the spin without losses. In this regard, the spin states in semiconductor quantum dots (QDs) have attracted much interest. Localization on the nanometer length scale strongly suppresses spin-orbit coupling that controls the spin dynamics in bulk semiconductors [2] . In sufficiently strong magnetic fields, spin life-times in the millisecond range have been observed [3, 4] . Here, the spin states are Zeeman split and the interaction with acoustic phonons defines the major contribution [5] . At weak or zero magnetic field, the hyperfine interaction of the electron with the nuclear moments of the lattice atoms sets an ultimate limit for the spin life-time in QDs [6, 7] . Recent experimental studies have addressed dynamical nuclear polarization in QDs [8] [9] [10] and/or the inhomogeneous decay in spin ensembles [11] [12] [13] . However, the specific scenario for the spin transfer from the electron to the nuclear system as well as its dynamics and time-scale has not yet been elaborated.
In this Letter, we report on measurements of the electron spin dynamics in Stranski-Krastanov QD structures. In the context of hyperfine interaction, II-VI QDs deserve attention. The strength of this interaction is characterized by the hyperfine constant A of the unit cell, the isotope abundance a, and the number of atoms N L effectively seen by the electron. In the prototype CdSe/ZnSe structure, low natural abundance (a Cd = 25 %, a Se = 8 %) and a small value of A, related to the 1/2 isospin, make the Overhauser field B N ∼ aA acting on the electron by 1 to 2 orders of magnitudes smaller than in its III-V counterparts. On the other hand, the volume size is as little as 50 nm 3 . Therefore, while N L = 10 5 − 10 6 in typical III-V QDs, this number is reduced to a few 1000 in CdSe/ZnSe [14] . The hyperfine Knight field by which the electron acts on an individual nuclear spin scales like A/N L . Thus, despite of a small A, the role of the Knight field can be even stronger than in InGaAs/GaAs.
The experimental concept of our study is based on the trion excitation in negatively charged QDs. The trion singlet ground-state consists of two electrons with antiparallel spins and a single hole defining the total trion spin projection of ±3/2. Angular momentum conservation gives rise to circularly polarized optical transitions as schematized in Fig. 1a . Hence, selective pumping, say with photons of σ + orientation, addresses only spin-up electrons. The resultant spin-up trions can radiatively recombine via the same channel or, after hole spin-flip, by emitting σ − photons and creating spin-down electrons. In this way, a non-equilibrium spin occupation with more spin-down than spin-up electrons is established. Now, switching from σ + to σ − excitation, the opposite scenario is started, ending up with a reversed spin occupation. Time-resolving the associated emission change provides thus a direct optical monitor of the electron spin transients.
The CdSe/ZnSe QD structures are grown by molecular beam epitaxy [14] . ZnSe is natively n-type so that a part of the CdSe QDs is negatively charged, even without intentional doping. In order to study individual QDs, mesa structures with an area down to 100 × 100 nm 2 are fabricated. Single mesas are optically selected by a microscope in a confocal arrangement with the propagation direction of incident and emitted light parallel to the [001] growth axis (z-axis). The sample is mounted in a He-flow cryostat of variable temperature placed in a superconductive coil capable of magnetic fields B ≤ 5 T along z-axis (Faraday geometry). Typical steady-state photo-luminescence (PL) spectra of a single negatively charged QD under excitation with an Ar + laser are depicted in Fig. 1b . Under non-resonant pumping in the energy continuum of the wetting layer (lowest curve), the characteristic double-line feature of the charged biexciton recombination (XX − ) becomes visible, confirming that the QD is occupied with a single resident electron [15] . The first electron-excited trion state is a triplet with one of the electrons in the p-shell and total electron spin projection of 0,±1. Involvement of the triplet state opens extra electron spin relaxation channels, not related to the resident carrier, and has thus to be avoided. In the measurements reported below, the QDs are hence quasiresonantly excited in a polaron-like mixed phonon-trion states, situated 1-LO-phonon energy above the trion singlet ground-state. The triplet state is high-energy shifted from this position by about 80-100 meV and thus clearly separated [15] . Under these excitation conditions, a single line (X − ) associated with the trion ground-state is solely present in the PL spectra (upper curves).
In order to record the spin transients, the linear polarization of the excitation laser is modulated between two orthogonal states at frequencies ranging from f = 1 kHz to 1 MHz by switching a Pockels cell with a rise time of 20 ns. Quarter-or half-wave plates convert this modulation in a respective series of circularly counteror linearly cross-polarized excitation periods, or -when placed in the path of the PL -provide polarization selectivity in detection. The PL signal is dispersed in a double monochromator with a linear dispersion of 0.48 nm/mm and detected by a photo-multiplier tube in conjunction with a multi-scaler photon counting unit with an overall time resolution of 5 ns.
Single-dot PL transients recorded at the trion line under periodic circular polarization switching of the excitation are summarized in Fig. 2 . The detection is always in σ + mode. As discussed above, σ + pumping aligns the electron spin increasingly down, decreasing the absorption of the excitation photons and hence the PL signal. Exactly this is seen in experiment. The transients are characterized by an amplitude ∆I, defined as the dif- ference between the signal level at the beginning and the end of the excitation period, and a response time τ R taken at the 1/e point of the signal decay. For σ − excitation, the PL signal behaves qualitatively the same, however, the overall level is markedly smaller indicating that the trion recombines predominantly along the arm in Fig. 1a where it has been excited. Detection in σ − polarization provides identical results, only with the role of σ + and σ − excitation reversed.
At zero magnetic field, the response is slow and τ R on a 100-µs time-scale. Application of a weak longitudinal magnetic field of only a few 10 mT changes the picture dramatically. The amplitude of the slow transient increasingly disappears, while a fast component with roughly three orders of magnitude shorter response time emerges. Above B = 50 mT, only the short transient is present. Another striking finding is that the response times are power-dependent (see Fig. 3 ). This is most distinct for the short component that follows over two orders of magnitude very closely an inverse power law, while its amplitude stays practically constant. The slow component is also slightly speed-up, but the amplitude increases with excitation power. The scenario is quite robust against temperature. Amplitude as well as response time only smoothly decrease from 5 to 50 K. In ensemble measurements with better signal-to-noise ratio, spin dynamics of the above type has been even resolved up to 100 K.
In order to translate the PL data into the underlying electron spin transients, one has to consider the Master equation for the density matrix with the generation, recombination, and relaxation rates given in Fig. 1a . The life-time τ of the trion ground-state is about 500 ps and the hole spin-flip time τ h s ∼ 10 ns [16] . The times τ ph and τ ph s of the trion-LO-polaron state are certainly shorter. That is, on the time-scale of the experiment, the occupations of the trion states follow adiabatically the much slower electron spin dynamics. The emission from the QD is proportional the trion ground-state occupation and a straightforward calculation yields then for the PL signal in σ
g ± where ± refers to σ ± excitation and S z is the z-projection of the average electron spin S. The transients in Fig. 2 reflect hence directly the time evolution of the spin polarization of a single electron [19] . The parameter Q = τ Q) is the fraction of trions driven into the other arm of the transition scheme. The weak low-temperature signal in counter-polarized excitation-detection mode, making the switching hardly observable, signifies that Q is close to 1. The signal growth, relative to co-polarized mode, at higher temperatures is consistent with a shortening of the hole spin-flip time [16] .
Assuming that the electron is subjected to an effective magnetic field creating a precession vector − → Ω , the dynamics of the average spin is described by the standard equation˙ S = G − R( S) + Ω × S. Specifically, for the present excitation scheme, the generation and relaxation rates are given by G = (0, 0, ∓ . Ω is constituted by the external and the nuclear hyperfine field. An external field of some 10 mT is sufficient to outrange the nuclear contribution and, as a consequence of B G, the longitudinal part of the spin relaxation is predominant. The experimental power-dependence reveals a characteristic spin-flip scenario for self-assembled QDs where the QD captures an extra charge created in its environment as a concomitant of the direct optical excitation. E.g., capture of a hole produces an exciton that radiatively recombines followed by recapture of another electron. Recharging processes of that type have been previously documented by spin-independent measurements [17] . They limit the life-time of the single-electron state itself, but also randomize the spin as the latter is undetermined when the QD recovers to single-electron occupation. Introducing 1/τ e 1 = Dg yields a power-independent steady-state spin
, in full accord with the experiment. We estimate 1/Dg ∼ 400 ns at an excitation intensity of 100 W/cm 2 . Decreasing the excitation rate down to a level at which the PL signal disappears in the noise floor, spin-flip times of about 10 µs are found. However, τ R does not approach an off-set value, demonstrating that the intrinsic spin lifetime due to spin-orbit coupling is significantly longer than 10 µs.
The recharging processes are not affected by an external field of a few 10 mT. The 10 − 100 µs transients at B = 0 display thus a situation where the electron spin is in steady state, in the sense that˙ S = 0 holds. The decay of the PL signal displays now an increase of |S z | as a result of a slowly increasing total (longitudinal and transverse) spin life-time τ measures the order in the nuclear system, with Θ 2 = 2 in a random configuration. The experimental data reveal hence an increasing nuclear ordering (Θ 2 < 2) under continuous electron spin pumping suggesting the formation of a nuclear polarization. At zero external field, the latter demands that the hyperfine Knight field B e , acting here solely on the nuclei, exceeds the local field B L created by the nuclear dipole-dipole interaction [18] . A detailed study of the Knight field requires account of its inhomogeneous nature, caused by the change of the electron wave function across the nuclear ensemble [7] , and is beyond the scope of this work. Accepting B e ∼ (1/2µ I )(A/N L )S z as an estimate and using for µ I ≈ −0.6µ N the nuclear moment of the Cd 111,113 isotopes and A ≈ −10µeV, it follows B e ∼ 300 S z /N L T, while B L is in the sub-mT range. Thus, in view of the relatively small N L , B e overcomes B L already for moderate electron spin polarization. The power-dependencies of the slow transients in Fig. 3 are then readily explained: a larger spin pumping rate g produces a stronger B e , which in turn makes Θ 2 smaller, establishing a longer τ e s in a shorter time τ R .
The existence of a nuclear polarization is confirmed by a distinct asymmetry of the slow electron spin transients with regard to the direction of the external magnetic field. The data in Fig. 4 , selectively verified on a single-dot level, are taken from ensemble measurements allowing for shorter integration times. An external field decreases in general the amplitude as the life-time change contributed by the nuclear field declines. However, that decrease will be steeper when B and the Overhauser field compensate resulting in a shorter τ s e and keeping thus the electron spin along the transient small. Correspondingly, 1/τ R becomes smaller in this field direction consistent with the power-dependence of Fig. 3 : the rate at which the nuclear polarization is established decreases when the electron spin polarization is weak. The asymmetries depicted in Fig. 4 are consistent with a negative value of A anticipated for µ I < 0. E.g., σ − excitation means S z > 0 and for the average nuclear spin I z > 0 but B N < 0. B e is oppositely directed to B N and the shoulders on the smoothly decaying wings of the amplitude are likely a direct signature of the Knight field. In marked contrast, no asymmetry is observed for the fast component. The data in the right panel of Fig. 4 are recorded in a rapid (3 µs) modulation regime, excluding creation of a nuclear polarization. Thus, when approaching zero-field, the transverse relaxation associated with the random nuclear configurations in the QD ensemble destroys an increasing part of the spin polarization on a time-scale 1/ Ω 2 ∼ √ aN L /(aA) ∼ 5 ns [6, 7] below our experimental resolution, while the rest decays with the longitudinal life-time. This is exactly seen in the experiment: the amplitude drops down whereas the response time stays practically constant.
In conclusion, we have uncovered the specific scenario of the electron spin dynamics in self-assembled QDs. At magnetic fields far below the onset of a phonon-mediated spin-flip, purely longitudinal spin relaxation as a result of recharging processes, representing an inherent feature of the Stranski-Krastanov morphology, is observed. The inversely power-dependent relaxation times reach a few microseconds at low excitation in the present QD structures. The intrinsic spin-orbit time of an isolated QD is significantly longer. Spin-induced nuclear ordering and formation of a nuclear polarization at zero external magnetic field is observed. The time needed for the formation of an appreciable dynamical polarization is on the sub-millisecond scale and hence much shorter than for bulk semiconductors, probably caused by the substantially longer electron correlation time in QDs. The data are qualitatively well understood in a mean-field frame, the true statistical state of the nuclear system can, however, not be deduced from the above measurements and deserves further investigation. Spin dynamics of this type is observed up to 100 K signifying that the nuclear moments are decoupled from the lattice up to elevated temperatures. 
